Gliogenic LTP is a new form of paracrine synaptic plasticity in the central nervous system and may lead to pain amplification close to and remote from an injury or an inflammation. This is in line with the concept of chronic pain as a gliopathy involving neurogenic neuroinflammation (7, 24). These new insights may pave the way for novel pain therapies (25, 26). P2X 7 Rs play a key role in chronic inflammatory and neuropathic pain (27) and in other neurodegenerative and neuropsychiatric disorders (28). Glial cells display considerable diversity between and within distinct regions of the central nervous system (29). If the presently identified gliogenic LTP also existed at some brain areas, it could be of relevance not only for pain but also for other disorders, such as cognitive deficits, fear and stress disorders, and chronic immune-mediated diseases (24, 29, 30).
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STRUCTURAL BIOLOGY
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The outbreak of Zika virus (ZIKV) and associated fetal microcephaly mandates efforts to understand the molecular processes of infection. Related flaviviruses produce noncoding subgenomic flaviviral RNAs (sfRNAs) that are linked to pathogenicity in fetal mice. These viruses make sfRNAs by co-opting a cellular exonuclease via structured RNAs called xrRNAs. We found that ZIKV-infected monkey and human epithelial cells, mouse neurons, and mosquito cells produce sfRNAs. The RNA structure that is responsible for ZIKV sfRNA production forms a complex fold that is likely found in many pathogenic flaviviruses. Mutations that disrupt the structure affect exonuclease resistance in vitro and sfRNA formation during infection. The complete ZIKV xrRNA structure clarifies the mechanism of exonuclease resistance and identifies features that may modulate function in diverse flaviviruses.
G lobalization, urbanization, and climate change contribute to the spread of pathogenic mosquito-borne viruses, typified by the outbreak of Zika virus (ZIKV) (1) . ZIKV infection can cause fetal microcephaly and Guillain-Barré syndrome (2), motivating efforts to understand the molecular drivers of pathology. ZIKV is a (+)-sense single-stranded RNA mosquito-borne flavivirus (MbFV) related to dengue virus (DENV), yellow fever virus (YFV), and West Nile virus (WNV) (3). The structured 3′ untranslated regions (UTRs) of many MbFVs are the source of noncoding subgenomic flaviviral RNAs (sfRNAs) that accumulate during infection when RNA elements resist degradation by the host 5′ → 3′ exonuclease Xrn1 ( fig. S1A) (4) . These sfRNAs are directly linked to cytopathic and pathologic effects (4); they dysregulate RNA decay pathways and bind cellular proteins important for antiviral responses (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Preventing sfRNA production could be a strategy for targeted therapeutics or for generating attenuated virus for vaccines (15) (16) (17) .
Because sfRNA formation during ZIKV infection has not been reported, we infected multiple cell lines with ZIKV strain PRVABC59, isolated in 2015 from an infected U.S. mainland-Puerto Rico traveler. Northern blot analysis of total RNA isolated from infected cells showed discrete bands containing parts of the ZIKV 3′UTR, consistent with sfRNAs (Fig. 1A) . Mouse primary neuron infection resulted in very little infectious virus and produced three weak sfRNA bands. Infection of C6/36 (Aedes albopictus mosquito) cells produced two predominant sfRNAs, whereas Vero (monkey) and A549 (human) epithelial cell infection produced additional bands. Different cell types produced different sfRNA patterns, but the largest sfRNA was present in all. The importance of this cell type-dependent variation in the sfRNA patterns is unknown, although studies with DENV suggest that sfRNA production is modulated to enable host adaptation (16, 18) .
The production of ZIKV sfRNAs suggests the existence of Xrn1-resistant structures (xrRNAs) in the viral 3′UTR. Two areas of the UTR match the sequence pattern and potential secondary structure of known MbFV xrRNAs (Fig. 1, B and C, and fig. S1B ) (4, 18) . The putative xrRNAs are in series near the 5′ end of the UTR-a location and pattern similar to that of other MbFVs (Fig.  1D) . Xrn1 halting at putative ZIKV xrRNA1 and xrRNA2 would result in sfRNAs of sizes matching the two produced in all cell types tested (Fig. 1A  and fig. S1C ). To test whether these putative elements are indeed Xrn1-resistant, we challenged in vitro transcribed full-length ZIKV 3′UTR RNA with recombinant Xrn1 (19) . Although multiple sfRNAs were observed during ZIKV infection, in vitro the upstream xrRNA1 quantitatively halted the enzyme (Fig. 1E ). However, a UTR lacking the upstream xrRNA (DxrRNA1) allowed the enzyme to stop at the downstream xrRNA2. The size of the Xrn1-resistant RNAs matched those of the infection-produced sfRNAs ( fig. S1D ). Thus, ZIKV (4, 19, 21) . (E) Ethidium-stained gel of in vitro transcribed ZIKV full-length 3′UTR (FL UTR) or a 3′UTR lacking the first putative xrRNA1 element (DxrRNA1) treated with recombinant pyrophosphohydrolase RppH (to generate a 5′ monophosphate) and recombinant exonuclease Xrn1. The smaller band indicates Xrn1 resistance. The presence of Xrn1 activity in the absence of RppH is due to spontaneous loss of the 5′ pyrophosphate moiety that occurs at some level even in the absence of the RppH enzyme, as previously observed (19) . Residues U4, A24, and U42 (green) form a base triple interaction orienting the 5′ end. Residue G3 forms a long-range base-pairing interaction with residue C44. Residue G2 was mutated from a U to promote transcription; the wild-type sequence is predicted to form a base pair with residue A45 (predicted position change indicated by arrow) (21).
contains two xrRNAs, and cellular factors could modulate xrRNA function during infection to produce a multiple-sfRNA pattern (20) .
Insight into the structural basis of sfRNA formation comes from a previously solved structure from Murray Valley encephalitis virus (MVE) (21), but our understanding is incomplete. Specifically, in the MVE xrRNA structure, an important pseudoknot (L3-S4; gray line in Fig. 1B) (4, 18, 22, 23) was not formed, and thus the structure of a fully folded xrRNA remains unsolved. Also, the MVE structure was of the downstream xrRNA of two in series (xrRNA2), and evidence now suggests differences between xrRNA1s and xrRNA2s (16, 18) ; xrRNA1s are predicted to have a more stable fold, and WNV infection models suggest that loss of xrRNA1 has a greater effect on viral infection (4, 24) . Fully understanding sfRNA formation therefore requires a detailed structural description of a fully folded xrRNA1. ZIKV xrRNA1 is ideal for such studies, as it shows robust Xrn1 resistance in vitro (Fig. 1E) , it forms sfRNAs in all tested cell types (Fig. 1A) , and its pseudoknot is predicted to be stabilized by four consecutive G-C base pairs.
We solved the structure of ZIKV xrRNA1 by x-ray crystallography ( Fig. 2A and table S1 ), using the MR766-NIID African isolate sequence (PRVABC59 xrRNA1 is 97% identical in this region) with sequence alterations to improve transcription and crystallization ( fig. S2 ). This RNA maintained Xrn1 resistance and is thus correctly folded (Fig.  2B ). All 71 nucleotides were visible ( fig. S3) , and unlike the MVE xrRNA2 structure, the RNA is fully folded; a pseudoknot is formed between L3 and S4, completely encircling and constraining the 5′ end of the RNA (Fig. 2C) . In both the MVE and ZIKV xrRNA structures, the fold is organized around the P1-P2-P3 three-way junction; the P1 and P3 helices form a ring through which the 5′ end passes from one side of the structure to the other, positioned by nucleotides at the 5′ end that form base pairs with nucleotides in the junction and a U4•A24-U42 base triple ( Fig. 2D ; the dot indicates a non-Watson-Crick base interaction). The presence of these interactions in both structures strongly suggests their functional importance; disrupting them may be a way to attenuate diverse MbFVs.
The ZIKV xrRNA1 structure reveals multiple previously unobserved interactions. A37 and U51 form a reverse Watson-Crick (or trans) long-range base pair that closes the ring structure to "lasso" the RNA that passes through (Fig. 3A) . Contrary to predictions, A37 is flipped out of the helix; this position is created by an unexpected structure in the P3-L3 stem-loop that contains a G-U wobble pair between G38 and U28 and a Hoogsteen pair between A36 and U29 (Fig. 3B) . The A37-U51 base pair led us to hypothesize that this interaction may precisely define the size of the ring, which is 14 nucleotides in the ZIKV xrRNA1. Indeed, sequence alignment shows that 30 of 33 confirmed or putative xrRNAs have Watson-Crick base-pairing partners 14 nucleotides apart in analogous positions ( fig. S4, A and B) . Although these are apparent Watson-Crick partners, the structure suggests that they form noncanonical pairs. Indeed, YFV, Sepik virus, and Wesselsbron virus have G bases at both positions, suggestive of a G•G pair and thus implying possible alternative conformations of this long-range base pair.
To explore this long-range interaction, we altered the A37-U51 pair by mutation and tested for Xrn1 resistance in vitro ( fig. S4C ). Substitution of either nucleotide individually had very little effect, and substitution of both bases to convert the interaction to either a C-G or G•G resulted in only a moderate decrease in resistance. Overall, it is not clear why sequence conservation shows a preference for apparent Watson-Crick pairing partners; perhaps certain pairs improve Xrn1 resistance in the context of specific xrRNAs, or they may contribute to functions other than Xrn1 resistance. Consistent with this, the preference for a purine at the first position of this interaction and a pyrimidine at the second position is reminiscent of a conserved trans R15: Y48 (R, purine; Y, pyrimidine) base pair observed in tRNAs (25) . G•G pairs have been observed at this position in cysteine tRNAs, and tolerance for switching between G•G and R15:Y48 pairs has been shown to be dependent on the RNA sequence context (26) .
The A37-U51 base pair defines the size of the ring and continues the progression of stacked bases from the P1 stem to the L3-S4 pseudoknot (Fig. 3, A and C) . Specifically, A52 stacks on this pair but is not itself paired. This base is universally a purine ( fig. S4, A and B) , likely to maximize stacking potential. The next base, A53, is extruded to form a crystal contact ( fig. S5 ), but in solution it likely stacks under A52, supported by the presence of electron density where A53 could stack, consistent with a 1,6-hexanediol molecule from the crystallization solution ( fig. S5A ). If stacked within the helix, A53 would continue the progression of stacked purines through S4 to the pseudoknot and could form an A•A pair with A35, providing additional stability (Fig. 3C) .
As predicted, the L3-S4 pseudoknot contains four consecutive G-C Watson-Crick base pairs (Fig. 3C) . The four G's in L3 are made accessible by a U-turn, a motif found in other loops including tRNA anticodon loops. To test the functional importance of the ZIKV xrRNA1 pseudoknot, we generated mutant RNAs (Pkmut1, Pkmut2) and tested them for Xrn1 resistance in vitro (Fig. 3D) . Disruption of the pseudoknot severely decreased Xrn1 resistance to the same degree as a previously characterized mutation that disrupts the three-way junction (C22G) (19, 21) . Restoring the pseudoknot (Comp) returned nearly wild-type Xrn1 resistance; thus, the pseudoknot is critical for ZIKV xrRNA1 function.
The effects of structure-based mutations to xrRNA1 on Xrn1 resistance in vitro led us to predict that the same mutations would alter sfRNA formation during infection; therefore, we generated mutant ZIKV using an infectious clone based on strain FSS13025 (identical to PRVABC59 in xrRNA1) (27) . Mutations in xrRNA1 analogous to C22G and Pkmut1 resulted in highly reduced sfRNA formation during infection, matching the in vitro Xrn1 resistance result (Fig. 3E) . Both sfRNAs were reduced; this finding underscores the importance of xrRNA1 to sfRNA formation overall. A mutation analogous to A37C had no discernible effect on sfRNA formation, consistent with this mutant's Xrn1 resistance in vitro ( fig. S4C ).
We also assessed the effect of Xrn1 knockdown on ZIKV sfRNA production during infection of human cells ( fig. S6 ). Xrn1 knockdown resulted in a reduction of one sfRNA species and a change in the overall sfRNA pattern; however, the persistence of some sfRNA bands suggests that Xrn1 could be redundant with other exonucleases in producing ZIKV sfRNAs. Xrn1 resistance in vitro and ZIKV sfRNA production during infection are linked by the strong agreement between the effects of RNA mutations in both assays, which implies that the RNA structure is necessary for sfRNA formation.
One of the most functionally essential interactions is the L3-S4 pseudoknot, whose formation is accompanied by substantial structural differences relative to the MVE xrRNA2 structure (Fig.  4A) . The helical element created by the pseudoknot forms a continuous stack with the P4 helix ( fig. S7, A and B) , placing the P4-L4 stem-loop in a different position relative to the MVE xrRNA2 structure (Fig. 4B) and differing from that predicted by structural modeling (fig. S7, C and D) . P4's stacking on the pseudoknot likely stabilizes the overall fold, but there are no obvious sequence-specific roles for this element in forming the structure. However, the P4-L4 stem-loop contains numerous conserved bases found in other MbFVs ( fig. S8 ), and it therefore may be important for some aspect of sfRNA formation or downstream function.
Using the fully folded structure, we constructed a new model of the ZIKV xrRNA1 interacting with Xrn1 from D. melanogaster (with bound substrate analog), using previously reported biochemical information (19, 28) and the electrostatic charge distribution and shape of the enzyme's surface (Fig. 4C) . The model shows extensive contacts between the enzyme and the RNA. A model of the partially folded MVE xrRNA with Xrn1 suggested that the RNA ring structure prevents Xrn1 from unwinding the structure (21) , but in that form, the P4 element projected away from the surface of Xrn1 (Fig. 4C) . In contrast, the fully folded ZIKV xrRNA1 closely matches the contours SCIENCE sciencemag.org of an electropositive patch, with P4 contacting a conserved charged region on Xrn1's winged helix domain.
This putative P4-Xrn1 interaction could serve to stabilize the xrRNA's pseudoknot interaction and thus enhance resistance to the enzyme, or P4 may form sequence-specific interactions with Xrn1 or with Xrn1-bound proteins. Also, because the winged helix domain is important for processive Xrn1 function (29) , the bound ZIKV xrRNA may prevent conformational changes in the enzyme that are important for processivity. The new structure and derived hypotheses point the way to future studies that may clarify the formation and function of ZIKV sfRNAs, with implications for the development of interventions or vaccines.
HEMATOPOIESIS
Depleting dietary valine permits nonmyeloablative mouse hematopoietic stem cell transplantation A lthough much is known about the molecules and signaling pathways regulating hematopoietic stem cells (HSCs), our understanding of the HSC bone marrow (BM) niche is less clear. The availability of niche "space" appears to be a limiting factor for engraftment in HSC transplantation (HSCT) (1) . Ionizing radiation and/or high-dose chemotherapy are most commonly used to empty the BM niche. However, severe side effects limit the success of these treatments. Young patients are particularly at risk of experiencing late effects, including secondary malignancy, endocrinopathy, and reproductive failure (2).
Numerous cellular and molecular components of the HSC niche have previously been proposed (3). These include several stromal and neuronal cell types, as well as various signaling molecules including the cytokines stem cell factor and thrombopoietin. In 1946, Kornberg et al. reported that rats fed a low-protein diet developed severe granulocytopenia or anemia that was corrected by administration of purified amino acids (AAs) (4, 5) . On the basis of these findings, we hypothesized that specific AAs may be indispensable for the BM niche and could influence HSC fate.
We initially quantified AA concentrations in BM and peripheral blood (PB) by high-performance liquid chromatography (HPLC). The BM contained >100-fold higher concentrations of all 20 AAs and also displayed a distinct AA profile (or AA balance), as compared with the PB (fig. S1, A and B) .
To identify the specific AAs essential for the maintenance of hematopoiesis, CD34 
Lin
-cells (HSCs) (6) were cultured for 1 week in various media lacking single AAs (Fig. 1A and  fig. S1C ). Proliferation was significantly retarded when cysteine or valine was absent (-Cys, -Val) (Fig. 1B and fig. S2A ). We also carried out similar analyses using CD34 
